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Low-loss Millimeter-wave Passive Devices 
on Si Substrate

Shuhei Amakawa1, Kenichi Okada2, Noboru Ishihara3, Kazuya Masu4

Yusuke Uemichi5, Takuya Aizawa5, and Tatsuo Suemasu5

Low-loss wiring board operating at millimeter-wave band is becoming more and more 
important these days because high-speed and large-data communications exceeding a few 
Gbps are being made available by utilizing CMOS technology operating at millimeter-wave 
frequency band. We designed and fabricated millimeter-wave transmission line and band-
pass filter as passive devices to be integrated on the millimeter-wave wiring board by using a 
copper wiring technology on silicon, and achieved low attenuation constant α of 0.2 dB/mm in 
the transmission line and an insertion loss of 4.67 dB with 1 dB FBW of 7.0% in the band-pass 
filter.

1. Introduction
Wireless devices operating at 60 GHz band are be-

coming more and more important because high-speed 
and large-data communication utilizing millimeter-
wave band is proposed and being put into practice 
these days. In Japan, unlicensed bandwidth as broad 
as 7 GHz ranging from 59 to 66 GHz is available; there-
fore, consumer applications utilizing millimeter-wave 
band are expected. However, conventional millimeter-
wave module made up of compound semiconductors 
such as gallium arsenide and special gastight encapsu-
lated package are very expensive. For circulation as 
consumer products, low-cost solution utilizing CMOS-
LSI is essential. Wireless devices utilizing CMOS-LSI 
have merits of low cost and mass productivity. On the 
contrary, realizing low-loss passive devices such as 
transmission line,1) balun,2) and filter3) - 5) by CMOS 
technology is very difficult because strict wiring den-
sity rule prohibits an adjoining GND plane to avoid the 
effect of lossy silicon substrate and the thickness of 
dielectric is thin. To overcome these problems, we 
propose a copper wiring technology on silicon sub-
strate. By using this technology, dielectric having 
thickness of 20 μm or so, adjoining GND plane, and 
copper wiring having thickness of more than 2 μm are 
available. We are thinking of realization of millimeter-
wave module using this technology as shown in Fig.1, 
in which upper small chip indicates a CMOS-LSI chip 
attached to a lower large substrate on which antennas, 

band-pass filter, couplers, and baluns are integrated. 
For feasibility study of the proposed millimeter-wave 
substrate, we designed and fabricated transmission 
lines and a band-pass filter in advance. In this article, 
we show the performance of the microstrip line and 
the band-pass filter.

2. A Microstrip Line
In the millimeter-wave application, signal transmis-

sion lines are often realized in the form of microstrip 
lines. In CMOS technology, to realize 50 Ω microstrip 
line, conductive loss is very high because the line 
width is narrow. This is due to the low thickness of di-
electric available in the CMOS technology. Strict wir-
ing density rules prohibit an adjoining GND plane 
shielding the effect of lossy silicon substrate, hence 
resulting in eddy current loss. Consequently, trans-
mission loss in CMOS-LSI gets as high as about 2 dB/
mm.1) Millimeter-wave passives such as power com-
biner are generally composed of wiring having size as 
large as N times unit of a quarter-wave length; there-
fore, loss defined by CMOS technology is higher. For 
example, transmission line having length of a quarter-
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Fig. 1. Sketch of the proposed millimeter-wave module.
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wave length (about 0.7 mm) reaches about 1.4 dB. In-
tegrating large passive devices onto CMOS-LSI leads 
to a high cost because the chip cost of fine CMOS such 
as 60 nm process applied to millimeter-wave applica-
tion is very high. To overcome these problems that 
CMOS technology has, we are thinking of using a cop-
per wiring technology to realize millimeter-wave sub-
strate integrating low-loss passives such as transmis-
sion lines, antennas, couplers, balun, and filter, and 
propose millimeter-wave module by attaching CMOS-
LSI onto this substrate as shown in Fig. 1. For feasibil-
ity study of this proposed module, we designed and 
fabricated microstrip lines beforehand. Before design-
ing transmission lines, we fabricated and measured 
one-wavelength ring resonator. From the frequency at 
which S21 gets maximum, we estimated the effective 
dielectric constant of dielectric to be 2.6. And from Q, 
we also estimated attenuation constant to be 0.2 dB/
mm. After this characterization of dielectric using res-
onator, we designed the transmission line. Figure 2 
shows the cross-sectional structure. In our technology, 
dielectric having thickness of 20 μm can be formed by 
spin-coating liquid resin and curing. To realize 50 Ω 
transmission line, the line width becomes 45 μm. 

If we consider the case integrating millimeter-wave 
antennas, substrate must be nonconductive material 
such as glass. But this time we used silicon substrate 
because the performance of the passives except anten-
nas does not depend on the conductivity of substrate 
material. Figure 3 shows the micrograph of the fabri-
cated microstrip line. We used two-port network ana-
lyzer (Agilent E8361A) to measure the scattering ma-
trix of the passives. To obtain the inherent property of 
the device under test, the effect of the parasitic ele-
ments due to pads for probing, such as parasitic ca-
pacitance, parasitic inductance, and contact resistance, 
should be removed. In the millimeter-wave frequency, 
the effect of these parasitic elements is more critical 
because series parasitic inductance is expressed as ωL 
and shunt parasitic capacitance is given as 1/ωC, com-
pared with the case of a few GHz bands. We de-embed-
ded these parasitic elements by using scattering ma-
trix of two microstrip lines with the length L, 2L each. 
As a result, ABCD matrix of inherent microstrip line 
having length of L can be extracted. Then, we extract-
ed propagation constant of the microstrip line using 
the ABCD matrix. Calculated attenuation constant is 
0.2 dB/mm, and phase constant is 2019 rad/m. These 
results coincide with that of the analysis of the ring 
resonator mentioned above. Figure 4 shows the rela-
tionship between extracted real part of the characteris-
tic impedance and frequency. We found that 50 Ω 
transmission line is successfully realized toward the 
millimeter-wave frequency, which confirms that the 
characterization procedure of dielectric is reasonable.

3. Band-pass filter
Band-pass filter is a device that removes the unde-

sired harmonic signals outside the communication fre-
quency band in a transmitter. This time we designed 
and fabricated the third-order Chebyshev band-pass 
filter composed of parallel-coupled strip line resona-
tors. We set the ripple, the bandwidth, and the center 
frequency at 0.1 dB, 10%, and 60 GHz, respectively. Af-
ter deciding these parameters, admittance inverter 
parameters were calculated using g-parameters corre-
sponding with the design goal. Next, layout design of 
coupled resonators was done on the condition that 
thickness of the dielectric was 20 μm. The length of 
the coupled resonator was set as 800 μm. In the case of 
the Chebyshev band-pass filter, it is composed of two 
kinds of coupled resonators. The line/space of the 
coupled resonators is 32.5 μm/7.5 μm and 45 μm/25 
μm. Figure 5 shows the micrograph of the fabricated 
third-order band-pass filter. The length and the width 
of the filter are 3 mm and 0.3 mm, respectively. Elec-
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Fig. 2. Cross-sectional sketch of the microstrip transmission 
line.

45µm

Fig. 3. Micrograph of the microstrip transmission line.
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tromagnetic simulation was done after setting the di-
mensions same as the fabricated sample to the simula-
tion model by using the SONNET EM Suites. The 
measurement was done by using 67 GHz network ana-
lyzer (Agilent E8361A). A comparison between the 
measured and the simulated scattering matrix shows 
good agreement as shown in Fig. 6. The insertion loss 
of the measured and the simulated scattering matrix at 
56.7 GHz is 4.67 dB and 5.05 dB, respectively. The 
measured insertion loss coincides with the simulated 
one within 0.4 dB, showing that the result derived 
from the simulator is sufficiently reliable. The mea-

sured 1 dB fractional bandwidth is 7.0%, showing that 
the band-pass filter used in this work can acquire much 
better performance than that implemented by CMOS 
process ever reported.3) - 5) In this experiment, the 
thickness of the dielectric becomes lower than the de-
signed by about 20%. If the thickness is realized as the 
designed, we expect good performance of the filter, 
that is, insertion loss of 3.66 dB and 1 dB fractional 
bandwidth of 9.2%. For reference, the measured and 
the simulated insertion loss of the fabricated band-
pass filter with the dielectric having thickness of 16 
μm, the calculated result of that with the designed 
value of 20 μm, and the calculated result of that with 
the designed value of 24 μm are shown in Fig. 7. We 
found that the broader the bandwidth becomes, the 
lower the insertion loss as shown by the relationship 
(1) among insertion loss, bandwidth, and Q in the ar-
ticle.6) In the case of the thickness of the dielectric be-
ing 24 μm, we estimated the minimum insertion loss 
in-band and the 1 dB fractional bandwidth as 2.89 dB 
and 11.6%, respectively. 

4. Conclusion
We proposed a millimeter-wave module using the Si 

substrate on which CMOS-LSI is attached and milli-
meter-wave passive devices are integrated by applying 
our copper wiring technology. For feasibility study of 
the proposed millimeter-wave module, we designed 
and fabricated the microstrip line and the band-pass 
filter. We successfully achieved a low attenuation loss 
of 0.2 dB/mm at 60 GHz in the microstrip line. We also 
confirmed that high-performance band-pass filter with 
1 dB fractional bandwidth of 11.6% and the insertion 
loss of 2.89 dB can be achieved by using our substrate 
technology. 
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Fig. 6. Transmission and reflection characteristics of the band-
pass filter - measurement and simulation.
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Fig. 7. Relationship between insertion loss and dielectric 
thickness of the band-pass filter.
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Fig. 5. Micrograph of the band-pass filter.


